We present a series of experiments to study the silanization of the silica surface of a fiber Bragg grating biosensor. A simple 4-layer attachment model is developed to describe the bonding of 3-aminopropyl triethoxysilane (APTES) or 3-aminopropylethoxydimethylsilane (APMDS) to the silica surface when both APTES and APMDS are dissolved in water or in pure ethanol. An adsorbed water layer is created during the attachment of APTES and APMDS and is necessary to explain the results in water and in ethanol. It is found that a monolayer of APMDS attaches to the silica surface when APMDS is diluted in either water or ethanol. In the case of APTES, it is found that a 1-2 and 5 APTES layers attach to the glass surface when APTES is diluted in water and in ethanol, respectively.
INTRODUCTION
Silanization involves the covalent bonding of a silane reagent molecule to a surface displaying hydroxyl groups (i.e. silica, mica) or to another silane molecule through formation of a siloxane bond [1, 2] . These functionalized layers have been employed for the covalent bonding of a bio-attachment layer to a silica surface. Without control of the silanization process on the molecular level, the distribution of molecular orientation on the surface reduces the efficiency for the binding of bio-molecules to the silanized surface. If proper chemistry is not used, the silanization process can lead to high surface roughness and disordered multilayers on the surface. In our experiments, we have used both APTES [3] [4] [5] [6] [7] and APMDS [5] [6] [7] [8] to silanize and attach amine groups to the surface. Aminosilanized surfaces are used extensively in biology to immobilize molecules of biological interest, such as enzymes, DNA, proteins, and antibodies [6, [9] [10] .
During the silanization process, an adsorbed water layer is involved in the formation of the newly forming siloxane layer. The alkylsiloxane groups of APTES and APMDS are hydrolyzed by water molecules from the adsorbed water layer [11] [12] [13] . This is followed by a condensation step resulting in the formation of siloxane bonds between exogenous aminosiloxanes, as in the case of APTES, resulting in the formation of an oligomeric siloxane layer on the *Address correspondence to this author at the Department of Electrical and Computer Engineering, University of Maryland, College Park, MD 20742; Tel: 301-405-3684; Fax: 301-314:9281; E-mail: dage@ece.umd.edu surface. The APTES film attaches to the sensor surface when a siloxane bond is created with the glass surface. The remaining ethoxy and hydroxyl groups can form hydrogen bonds with surface silanols or amine groups. These can also form cross-links within the coupling layer. The net result is that APTES molecules in a three dimensional network can have key functional groups in many possible conformations and orientations. This lack of control of the silanization process at the molecular level can lead to nonuniform biological layers, surface roughness and low reproducibility in subsequent conjugation reactions. For instance, the key amino functional group required for conjugation to the silica surface can be buried deep with the multilayer siloxane coating, thus blocking its reactivity.
In the case of APMDS that has only a single reactive siloxane bond for reaction with the surface, APMDS can form a single siloxane bond with the surface and the APMDS molecules can have a welldefined alignment with respect to the surface; this produces a monolayer of the silane reagent. In order to realize monolayer films and avoid the tendency to create multilayer coatings, one must deposit welloriented films of APMDS. Well-oriented monolayer films of APMDS should be readily realizable from the liquid phase.
In the previous discussion, we have indicated that a water layer is adsorbed at the glass surface during the silanization process. An interesting question is what is the layer thickness of such a water layer? A clue can be found from previous studies related to the measurement of the water layer thickness deposited on an oxidized Si layer in a controlled environment of different relative humidities (RH) [14] [15] [16] [17] . Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) have been used to detect the presence of water on different surfaces. These studies have shown that the thickness of the adsorbed water layer, as well as the molecular configuration in the adsorbed layer, change as the relative humidity is varied. At 100% RH, the adsorbed water thickness reaches more than 3 nm, therefore more than 10 monolayers of water molecules adsorb on the oxidized surface of silicon [14] [15] [16] . Recently, measurements using atomic force microscopy have indicated the important role of the orientation of water molecules by dipole forces in the creation of the water layer [18] [19] [20] [21] .
THEORETICAL MODEL
In this paper, we develop methodology for observing the functionalization of a silica surface of a fiber Bragg grating in real time using APTES and APMDS, respectively. The cladding of the single mode fiber is completely removed and the core is etched down to a thickness of approximately 5 µm. Our previous results on such a sensor allowed us to calculate the Bragg wavelength for a given fiber diameter and a given surrounding medium index [22, 23] . The sensitivity of the fiber to change in the index of the surrounding medium was calculated. We present here a technique that allows one to calculate the equivalent index of the surrounding medium in the case where more than one-layer is responsible for the surrounding index. We use a four layer model where the first layer is the fiber optic core glass layer, the second layer is the APTES/APMDS layer attached to the fiber, the third layer is a water layer, and the fourth layer is the diluted (in water or in ethanol) APTES/APMDS liquid layer and is called the surrounding layer. As we will see, this model accurately describes the Bragg wavelength shift as the biosensor is immersed in a APTES/APMDS solution and removed from the solution. The calculation of the wavelength shift of the fiber Bragg grating is accomplished directly using the finite difference method of a commercially available program. The optical mode of the fiber is calculated for the fiber with the APTES/APMDS, the water layers, and the surrounding layer added and using a very fine grid (at least 10 points in the APTES/APMDS layer). The modal index is extracted. In order to calculate the equivalent index of the surrounding medium, both the water layer and the APTES/APMDS layer are removed and the mode is calculated again by adding a small perturbation to the index of the surrounding medium (the liquid solution of APTES/APMDS diluted in water or ethanol) till the modal index calculated matched with the previously calculated modal index. The change in Bragg wavelength is then calculated by using the change in the equivalent indices, which is the index of refraction of the equivalent layer (the surrounding medium and the medium including the adsorbed water layer and the APTES/APMDS layer attached to the fiber) minus the index of refraction of the liquid APTES/APMDS solution multiplied by the sensitivity of the etchedcore fiber Bragg grating sensor calculated using our previous theory based on a simple surrounding layer [23] .
EXPERIMENTAL SET-UP
The measurement setup is described in [22, 23] and consists of an erbium doped fiber amplifier as a broadband light source, a 3-dB coupler, an etched core fiber Bragg grating sensor as the device under test, and a high resolution optical spectrum analyzer to detect the change in wavelength of the reflected light. A measurement accuracy of 1 pm in wavelength change is obtained by using an optical spectrum analyzer (Advantest model Q8347) with 7 pm resolution and by curve fitting the reflected spectra. The sensors used for this experiment were etched to a core diameter of 5 m leading to a sensitivity of 26.9 nm/riu at the index of water or ethanol. The index of refraction of water and ethanol were taken to be 1.315 and 1.346 at a wavelength of 1.55 µm. The index of refraction for APTES and APMDS were taken to be 1.42. The core diameter was precisely controlled by measuring the Bragg wavelength as the sensor was etched [22] in buffered oxide etch.
Our recent silanization experiments were either conducted in an environment of deionized water or 100% ethanol. Silanization was preceded by several immersions in 30 mL volumes of fresh deionized water or ethanol, according to the solvent used during the silanization process. The Bragg wavelength measured in the final rinse volume served as the reference (or zero) point for future wavelength shifts observed during and after silanization. A thermistor continually probed the sensor's surrounding environment to correct each Bragg wavelength for the +/-1ºC temperature range associated with possible evaporative cooling in the solvent. Silanizations were performed in 5 mL borosilicate test tubes with either 0.2%-3% APTES or APMDS solutions for either 30 minutes or one hour. The Bragg wavelength was collected at 30 second intervals during the first minutes of silanization and at regular five minute intervals until removal from the silanizing agent. No measurements were taken in the first 25-30 seconds. The time-resolved data revealed the presence of several monolayers of adsorbed water, the rate at which siloxane layers were deposited on the fiber sensor surface and whether the rate of siloxane formation saturated within one hour. Following the immersion in the silanizing solution, the fiber sensor was again rinsed by several immersions in 30 mL volumes of fresh solvent.
The experimental data were extrapolated to t = 0, assuming that little or no silanization occurs within the first 25 seconds of immersion into the silanizing agent. The bulk refractive indices of diluted APTES and APDMS solutions are approximated to be weighted averages, by volume percentage, of the refractive indices of APTES or APMDS and water or ethanol. From a knowledge of the sensitivity of the fiber Bragg grating, the initial shift of the sensor when going from the solvent to the APTES or APMDS solution, right after t = 0, can easily be calculated. We then use the methodology described in [23] to determine wavelength shifts associated with the formation of incremental numbers of monolayers and then monitor the rates of depositing multilayers under varying conditions.
We prepared the fiber surface by heating at 150 ºC and flowing dry nitrogen across the surface for 90 minutes. To prevent degradation of the grating and FBG spectrum, the fiber surface was exposed to normal atmosphere for 30 seconds in order to cool the glass before submerging in an ethanol bath.
RESULTS
The results describing the attachment of APTES and APMDS in water are first presented. They are shown in Fig. (1) and Fig. (2) for concentrations of APTES of 1, 2, and 3 % and for concentrations of APMDS of 1 and 2 % in water. These figures show the fiber Bragg wavelength shifts as a function of the silanization time. Immediately before the t = 0 seconds data point, the sensor is rinsed in water. The Bragg wavelength of the sensor in water is taken as the reference point of the sensor. Then, the sensor is immersed in a solution of APTES or APMDS diluted in water and the wavelength shift from the reference point is recorded as a function of time. After 3600 sec of immersion in the APTES or APMDS solution, the sensor is finally rinsed in water and the final wavelength shift is recorded. Right after immersion of the sensor in APTES or APMDS, the wavelength moves positively. The t = 0 shift increases with an increase of concentration of APTES or APMDS. It is then observed that the wavelength initially shift slightly down and then increases with time. The shift after 3600 sec is slightly larger than the corresponding shift right after immersion. At the end of the experiment, when the sensor is taken out of the solution of APTES or APMDS and inserted in water, the sensor Bragg wavelength shifts down.
The results describing the attachment of APTES and APMDS in ethanol are now presented. They are shown in Fig. (3) and Fig. (4) for concentrations of APTES of 0.5, 1 and 5 % and for concentration of APMDS of 0.2 and 1 % in ethanol. The results are qualitatively different from the results obtained in aqueous media. The sensor is first rinsed in ethanol immediately before the t = 0 data point. The Bragg wavelength of the sensor in ethanol is taken as the reference point of the sensor. Then, the sensor is immersed in a solution of APTES or APMDS diluted in ethanol and the wavelength shift from the reference point is recorded as a function of time. After 3600 sec of immersion in the APTES solution or 1800 sec of immersion in the APMDS solution, the sensor is finally rinsed in water and the final wavelength shift is recorded. It is observed that the t = 0 shift of the sensor in the APTES or APMDS solution is negative, except for APMDS at 0.2 % dilution, where the initial shift is very slightly positive. Then, the wavelength moves down appreciably in the first 100 sec and then moves up. The wavelength shift for APTES is significantly positive after 3600 sec. For APMDS, the wavelength shift is still negative after 1800 sec. When the sensor is finally taken out and rinsed in ethanol, the wavelength shifts in the positive direction. The typical accuracy or reproducibility of our shift results in all our experiments are of order 10 pm.
DISCUSSION OF THE RESULTS
From knowledge of the index of refraction of APTES and APMDS and of water and ethanol, one can easily calculate the expected t = 0 shift of the sensor when the sensor is first immersed in the APTES or APMDS solution. As soon as the sensor is immersed in APTES or APMDS, it is assumed that a water layer is formed in the first 100 sec of immersion. This water layer is responsible for the negative shift of the sensor wavelength. The water thickness is adjusted to match the maximum negative shift at t ∼ 100 sec and is kept constant for the rest of the experiment. While immersed in 1% APTES or 1% APMDS solutions dissolved in deionized water, our model shows that a first monolayer leads to a wavelength shift of 39pm and the second monolayer leads to a shift of 52pm. To simulate the wavelength shift attributed to immobilizing a single monolayer while immersed in the silanizing agent, the effective modal index is calculated with the following 4-layer model: the 5 m fiber core, a 1-nm layer of APTES (n = 1.42), a water layer of varying thickness, and the surrounding mixture. For t > 100 sec, the sensor accumulates an APTES or APMDS layer on the fiber Bragg grating surface and the Bragg wavelength shifts positively. One can calculate the APTES and APMDS layer thickness by matching the final theoretical thickness with the final experimental thickness before the final rinse. The results of the theoretical calculation using a 4-layer model when the APTES and APMDS are dissolved in water are shown in Fig. (5) and Fig. (6) , respectively. For APTES 1%, Fig. (5a) , and for APTES 2 %, Fig. (5b) , in water, good agreement between the theoretical and experimental results is achieved if between one and two monolayers are assumed attached to the fiber. For APMDS 1 %, Fig. (6a) , and for APMDS 2 % in water, Fig. (6b) , good agreement is obtained during the deposition if one assumes that 2 to 4 monolayers of APMDS are deposited on the fiber. On the other hand, it is seen that after the final rinse, good agreement is obtained if one assumes one or two monolayers of deposited APMDS. These APMDS deposition experiments were performed also by adding a final step. After final rinse, the sensors were put back in a solution of APMDS of 1% and 2 % and the wavelength shift was recorded again. It was then observed that the wavelength shift was consistent with one to two monolayers deposition, making the whole experiment self-consistent. This is shown by the dashed lines in Fig. (6a) and Fig. (6b) . These results indicate that there are layers of APMDS that do not attach strongly and that can be easily washed away. When the APMDS is thoroughly washed, a quasi monolayer is realized.
The theoretical calculations were performed also in the case of APTES and APMDS systems using ethanol as the solvent. As previously observed [19] , the wavelength shifts during APMDS steps suggest monolayer formation while shifts during APTES steps suggest multilayer formation. The in situ data reveal a substantial red-shift in the Bragg wavelength when first changing the surrounding medium from pure ethanol to a higher index solution of 1% silanizing agent in ethanol. In our model, an adsorbed 12 nm layer of pure water could account for the red shift in the 1% APTES experimental data during the attachment process, which is a reasonable value given the typical water thickness of 3 nm expected at a RH = 100 %. A comparison between the experimental and theoretical results are shown in Fig. (7a) and in Fig. (7b) . For the experimental data of Fig. (7) , the APTES and APMDS beginning data point represents the lowest point in the silanization data, corresponding to the completion of the water layer that remains adjacent to the sensor throughout the attachment. These experiments provide good agreement with the theory if one assumes a deposition of approximately 5 monolayers of APTES or mostly one monolayer of APMDS on the fiber. On the other hand, one notices some disagreement between theory and experiment with the final shift after the last rinse if one assumes that the water layer thickness stays constant during the rinse operation. This difference in theoretical and experimental results can be explained by assuming that part of the water layer can be washed away during the rinse operation. Shown as the dashed lines in Fig.  (7a) and Fig. (7b) , the water layer thickness in the deposited siloxane was chosen to reduce to 4.2 nm in the APTES or APMDS experiments, as explained in the next paragraph. This can be understood by a reduction of the dipole interaction between the water molecules as the water layer thickness increases, making it easier to break away part of the water layer when rinsing the sensor.
The water layer thickness that formed around the sensor is extracted from each fit to the data. It is found that the water layer thickness depends linearly on the silanization solution concentration but did not depend on the type (APTES or APMDS) of silanization solution. The water layer thicknesses also depended on the solvent (water or ethanol). The extracted water layer thickness dependence on the silanization solution concentration is shown in Figures (8a) and (8b) in the cases where water or ethanol is the solvent. As expected for water as a solvent, there is no water layer thickness formed when the APTES or APMDS concentration goes to zero. For ethanol as a solvent, a water layer thickness of 4.2 nm is extracted when the APTES or APMDS concentration goes to zero. This is the water layer thickness that was assumed to describe the APTES and APMDS experiments in ethanol, after the rinse operation in ethanol.
CONCLUSION
A four-layer deposition model was used to explain the attachment of APTES and APMDS to the surface of the fiber Bragg biosensor. Good agreement was obtained by assuming the existence of a water layer adsorbed on the glass surface. The thickness of the water layer is in qualitative agreement with other measurements done by atomic force microscopy. APMDS diluted in either water or ethanol provides films of thicknesses very close to a monolayer film. APTES in water provides film of thicknesses between one to two monolayers. .
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